Objectives: The stationary phase of Clostridium difficile, which is primarily responsible for diarrhoeal symptoms, is refractory to antibiotic killing. We investigated whether disrupting the functions of the clostridial membrane is an approach to control C. difficile infections by promptly removing growing and non-growing cells.
Introduction
Clostridium difficile is a Gram-positive spore-forming anaerobe that is the leading cause of healthcare-associated diarrhoea. 1, 2 C. difficile infection (CDI) predominantly occurs in elderly patients, typically following the use of broad-spectrum antibiotics that perturb the host's intestinal microbiota allowing the outgrowth of and colonization with toxinogenic strains. Since 2001, there has been an alarming increase in the incidence and severity of CDI in North America and Europe. 1, 3 For example, annually in the USA alone there are about 500000 cases of CDIs and more than 15 000 deaths that impose an economic burden of around $3.2 billion. 3, 4 This is partly a result of the emergence of epidemic strains that appear hypervirulent. The most common epidemic strain, designated as NAP1/027/ BI, is responsible for several hospital outbreaks and higher rates of mortality and disease recurrence. The hypervirulence of the NAP1 clade is multifactorial, with strains showing a propensity to hyperproduce the lethal toxins TcdA and TcdB, hypersporulation 5, 6 and carriage of a binary toxin that may enhance mucosal adherence. 7 The production of toxins and the onset of sporulation both occur in late-logarithmic-phase and stationaryphase C. difficile (i.e. quiescent cells), 5 which are more refractory to antibiotic killing than rapidly dividing cells. 8, 9 Before the marked impact of NAP1 on healthcare, limited attention was given to the discovery and development of novel anti-difficile drugs. This is evident from metronidazole and vancomycin being the first-line treatments for more than 30 years. 10 -12 However, disease recurrence after treatment is common for NAP1-mediated infections, with typical relapse rates of 20% -30% or higher. 13, 14 The newly approved antidifficile drug fidaxomicin does reduce the risk of relapse, but this is only for non-NAP1 infections because the rates of recrudescence in fidaxomicin-treated patients with NAP1 infections seem similar to those in patients given vancomycin. 15 -17 A need therefore exists for novel agents whose mode of action may improve therapeutic outcomes for NAP1 infections and reduce disease severity.
In bacteria the functions of the membrane are essential, such as maintenance of the intracellular environment, nutrient transport and the cellular ionic gradient, which are critical for cell survival and energy generation. 9, 18, 19 To address the urgent need for novel anti-difficile agents, we hypothesize that perturbing the clostridial membrane functions, including associated bioenergetics, could be a valuable strategy to rapidly alleviate the burden of CDI by eliminating the quiescent cells responsible for toxin and spore production. Indeed, agents targeting the membrane are generally rapidly bactericidal, show a low propensity for resistance emergence and their narrow spectrum of activity for Grampositive pathogens may make them relevant to CDI. 9 In support of this hypothesis the membrane-active antimicrobials oritavancin, an analogue of vancomycin, and CB-183,315, an analogue of daptomycin, are in clinical development for CDI. 20, 21 Moreover, we reported that stationary-phase C. difficile is extremely sensitive to killing by membrane-active antibiotics known as reutericyclins, 8 which do not kill stationary-phase Staphylococcus aureus. Therefore, in this study, we used various known membraneactive molecules to systematically investigate whether the membrane and bioenergetics are the Achilles' heel in nongrowing C. difficile.
Materials and methods

Chemicals, bacterial strains and growth
The compounds 867 and 1138, which belong to the reutericyclin class of antimicrobials that are in the early stages of discovery, 8 were synthesized as described by Yendapally et al. 22 Thiolactomycin was synthesized as previously described. 23 Daptomycin was kindly provided by Cubist Pharmaceuticals. Other compounds were obtained as follows: gatifloxacin, from Enzo Life Sciences; trimethoprim and sulfamethoxazole, from MP Biomedicals; erythromycin, from EMD Millipore; linezolid, from Selleck Chemicals; all other test compounds in Table 1 were from Sigma-Aldrich. The C. difficile strains BAA-1803 (toxinotype III, 95 NAP1) and BAA-1875 (toxinotype V, NAP7) from ATCC were primarily used. Additional test strains were C. difficile CD630, ATCC 9689, ATCC 43596 (reference strains, toxinotype 0) and CD32 (toxinotype III, NAP1 clinical isolate from Dr Scott Curry, University of Pittsburgh, USA). Unless otherwise stated all strains were routinely grown in pre-reduced TY broth [tryptone (1% w/v) and yeast extract (0.5% w/v)] or Brucella agar supplemented with vitamin K1 (1 mg/L), haemin (5 mg/L) and 5% sheep blood, at 378C in a Whitley A35 anaerobic workstation (Don Whitley Scientific).
Determination of growth inhibitory and bactericidal concentrations
The MICs of test compounds were determined in 24-well microtitre plates using bacterial inocula of 10 6 cfu/mL and were defined as the lowest concentrations of test compounds that inhibited visible growth after 24 h of incubation. 8 MBCs for logarithmic-phase (MBC LOG ) and stationaryphase (MBC STA ) cells were determined in 24-well plates 8 and were defined as the lowest concentrations of test compounds causing ≥3 log reductions of the initial cell inocula ( 10 7 cfu/mL). Briefly, cells were grown to mid-logarithmic phase [optical density at 600 nm (OD 600 ) ¼0.5] or stationary phase (24 h culture), and added to 2-fold serial dilutions of compounds. After incubation for 24 h, viable counts were enumerated on Brucella agar supplemented with 2% activated charcoal to avoid the effect of carry-over test compounds. All cultures treated with daptomycin included 50 mg/L of Ca 2+ . All MIC and MBC measurements were performed at least twice.
Time -kill and ATP measurements
Stationary-phase cultures were either exposed to membrane-active compounds at their MBC STA , vancomycin (10 mg/L) or PBS (controls). Samples were taken at various timepoints for determination of bacterial viability on Brucella agar or centrifuged for measurement of extracellular ATP in supernatants and intracellular ATP in cell pellets. ATP concentrations were measured using the BacTiter-Glo assay from Promega. All experiments were performed at least twice, and changes in cell survival and ATP concentration over time were expressed as a percentage of the total.
Propidium iodide (PI) uptake
To determine whether killing of C. difficile was due to the membrane pore formation and leakage of cytosolic contents, stationary-phase cells were exposed to compounds at their MBC STA and 0.5× MBC STA . Samples (1 mL) were obtained at 5, 30 and 120 min, and, after centrifugation, cell pellets were resuspended in PBS. PI (Invitrogen) was added to a final concentration of 3 mM. The samples were incubated anaerobically for 10 min, centrifuged and washed with PBS to remove the excess dye. PI fluorescence in cells was measured in a Biotek Synery 2 plate reader at excitation 520 nm and emission of 590 nm.
ELISA detection of toxins A and B in cultures
Stationary-phase cells grown in TY broth containing 0.5% (w/v) of Peptone 3 (Difco), to enhance toxin production, 24 were first centrifuged and the pellets washed twice with pre-reduced PBS. Toxin was then removed from the supernatant by filtering through a 30K MWCO centrifugal filter device (Amicon Ultra-15, Millipore), before the pellet was resuspended in the filtered, relatively toxin-free nutrient-depleted supernatant. After resuspending the pellets, samples were removed at time 0 and compounds were then added at their MBC STA and 0.5× MBC STA . Additional samples were obtained at 24 h post-exposure. The entire sample culture was sonicated for 2 min using an Ultrasonic Processor to release intracellular toxins. Total toxins (i.e. intracellular and extracellular) were diluted to obtain absorbance readings within the linear detection range for the C. difficile Tox A/B II kit (TECHLAB) and toxin levels were quantified against a standard curve for toxin B (List Biological Laboratories), as described by Merrigan et al.
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Effects of compounds on sporulation
To determine whether the compounds could reduce spore production, cultures of BAA-1803 were prepared in brain heart infusion (BHI) broth containing 0.1% L-cysteine. Colonies used to start cultures were grown on BHI agar containing 1% taurocholate. 25 To reduce the number of spores in the starting cultures, at day 1, logarithmic-phase cells (OD 600 0.5) were used as previously described. 25 Compounds were added to cultures at the concentrations of their MBC LOG and 0.5× MICs and incubated anaerobically for 5 days. The number of heat-resistant cfu (i.e. spores) were determined on days 1 and 5 from samples that were heated at 608C for 25 min and plated on BHI agar with 1% taurocholate. Dilutions of unheated cultures were also plated for total viable counts (i.e. spores and vegetative cells). The populations of spore and vegetative Killing of toxin-producing C. difficile 807 JAC cells stained with Wirtz -Conklin stain 26 were visualized by microscopy using Olympus BX51.
Hamster model of infection
The potential for 867, 1138 and clofazimine to treat CDI was examined in the established survival infection model in hamsters as described previously. 27 Test compounds and vancomycin were formulated in polyethylene glycol:water (60 : 40) for delivery by oral gavage. All animal experiments were approved by The Institutional Animal Care and Use Committee of The University of Texas at Arlington. Briefly, on day 1 Golden Syrian hamsters (80 -120 g), from Charles River Laboratories, received a single injection of clindamycin phosphate solution (50 mg/kg). Animals were maintained in sterile cages with sterile water and L-AA defined diet (Dyets Incorporated). After 20 h (day 0), hamsters were infected by oral gavage with 10 6 cfu of the C. difficile strain ATCC 43596 that was grown in Sporulation Medium 28 and washed once in prereduced PBS. From days 1 to 5, hamsters (n¼8 per group) were treated twice daily with test compounds or vancomycin at 50 mg/kg per day; additional experiments with clofazimine used four hamsters. Additional controls included uninfected hamsters (n¼3 per group) that either received test compounds or vehicle only. After the treatment period, hamsters were maintained for another 30 days.
Bioavailability of compounds in hamster caecal contents
The bioavailabilities of compounds in caecal material were evaluated as follows:
(i) Determination of bioactivity MICs of compounds were determined after mixing with caecal contents from drug-free Golden Syrian hamsters. The drug-free hamsters (80 -120 g) were endpoint controls from an in vivo efficacy study approved by The Institutional Animal Care and Use Committee of The University of Texas at Arlington. Aliquots (1 mL) of caecal homogenates (20% w/v) were prepared in pre-reduced TY broth containing compounds at 512 mg/L. The mixtures were incubated for 1 h at room temperature with continuous shaking (400 rpm) on an orbital shaker, before collecting the supernatants (i.e. the unbound fraction of compound) by centrifugation and filtering through low protein binding 0.22 mM Acrodisc Supor w membranes (Pall Life Sciences). Controls as compounds in TY broth without caecal material were also centrifuged and filtered. Filtrates were serially diluted in 24-well plates and Wu et al.
reduced overnight at room temperature, followed by the addition of BAA-1875 at 10 6 cfu/mL. MICs were recorded after 24 h of incubation. (ii) Liquid chromatography-mass spectrometry (LC -MS) quantification of caecal binding To determine the unbound quantity of compounds 867 and 1138, supernatant samples (50 mL), prepared as described in the previous experiment, were diluted with methanol (150 mL). The samples were cooled in a freezer for 1 h and then centrifuged at 10 000 rpm for 20 min to remove any protein contaminants. The purified supernatant was then quantified using a Waters AQUITY UPLC coupled with Xevo G2 QTof mass spectrometer equipped with a ACQUITY UPLC BEH C18 column (1.7 mm, 2.1 mm×50 mm) and using a 0.1% formic acid/ H 2 O:0.1% formic acid/ACN 3 -100% linear solvent gradient. The areas under the curve of the samples were normalized to that of an internal standard (warfarin) and the concentrations of the compounds were determined from standard curves. To determine the bound fraction, to the pelleted material ( 400 mL), prepared as described above, methanol (600 mL) was added and the mixture was sonicated for 20 min, followed by centrifugation at 15 000 rpm for 20 min. The obtained supernatant was then analysed in the same manner as described for the unbound fraction.
Results
Stationary-phase C. difficile is killed by membrane-active agents
The bactericidal activities of membrane-active agents were compared with established antimicrobials to determine whether the membrane and associated bioenergetics are weak points in C. difficile ( Table 1 ). The MICs for control compounds, including vancomycin, metronidazole, linezolid, gatifloxacin, fusidic acid and nitazoxanide, were comparable to those obtained in other studies using agar-based susceptibility testing. 29 -32 Many of the selected test molecules, such as nigericin, dicyclohexylcarbodiimide (DCCD), carbonyl cyanide 3-chlorophenylhydrazone (CCCP) and valinomycin have no clinical value for treating CDI, but were included in this study because they display modes of action that are common to many clinically useful agents. For example, daptomycin, lipoglycopeptides and other membrane-active agents in clinical development are known to dissipate the transmembrane potential (DC) and/or the transmembrane pH (DpH). 9, 33, 34 These parameters are specifically dissipated by nigericin and valinomycin, respectively. As shown in Table 1 , with the exception of rotenone, which targets NADH dehydrogenase type I, most membrane-active agents and electron transport chain uncouplers killed stationary-phase cells, in contrast to antimicrobials known to specifically inhibit macromolecular synthesis (e.g. vancomycin, fusidic acid, gatifloxacin and rifaximin). Both nigericin and valinomycin inactivated logarithmic-phase and stationary-phase cells, but the latter cell type was easier to kill with the proton ionophore nigericin (Table 1 and Figure 1) , which may reflect a greater importance of DpH to metabolism and survival in the stationary phase. Indeed, nigericin's activity dramatically increased as cells transitioned to the stationary phase (Figure 1) , as did the activity of monensin (Table 1 ). This information in part substantiates the recent suggestion that C. difficile like Clostridium sticklandii changes its amino acid metabolism and mechanism of energy production at different stages of growth. 35 The additional test ionophore CCCP also killed logarithmic-phase and stationaryphase cells. Thioridazine and DCCD, which inhibit bacterial NADH-dehydrogenase-2 and F 0 F 1 ATP synthase, respectively, also killed ≥99.9% of stationary-phase C. difficile at concentrations within 2-fold of their MICs (Table 1) . Daptomycin displayed mean MICs of 0.75 -1.5 mg/L and was bactericidal (MBC LOG ¼ 4 mg/L) to logarithmic-phase cultures. However, for stationaryphase cultures only BAA-1875 and the NAP1 clinical isolate CD32 could be reduced by ≥3 logs by daptomycin at 16 and 32 mg/L, respectively, within four tested strains. Our observation of daptomycin's dissimilar action against growing and nongrowing cells is comparable to those reported in stationary-phase S. aureus, where its activity is reduced. 36, 37 The nitroaromatic antibiotics nitazoxanide and metronidazole also killed stationaryphase C. difficile, but at concentrations that were collectively 16-fold to 170-fold above their MICs (Table 1) . Metronidazole, and probably nitazoxanide, is activated by nitroreductases to produce reactive free radical species that affect multiple cellular processes, 38 and contribute to killing of non-growing cells. Nitazoxanide's putative target is pyruvate ferredoxin oxidoreductase, but it also dissipates the DpH and DC in Mycobacterium tuberculosis.
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Rapid loss of cell viability corresponded with reductions in cellular ATP
Although the cellular basis for ATP reduction is multifactorial, several studies indicate that exposure of cells to membrane-active molecules results in ATP depletion, arising from uncoupling of ATP biosynthesis by the respiratory chain or by cell leakage. 9, 40, 41 Effects on ATP levels in C. difficile were therefore assayed using a subset of membrane-active agents with representative modes of action of these compounds (Table 1) and DCCD, against stationary-phase cultures of C. difficile BAA-1803. Results showed that cell killing was rapid and correlated with reductions in intracellular ATP (Figure 2 ). With the exception of nisin, cell death and ATP reductions were not the result of membrane pore formation. As shown in Figure 2 , for the different test compounds, the relative loss of cell viability generally correlated with reductions in intracellular ATP. The compounds nisin, reutericyclin-867 and valinomycin, killed Killing of toxin-producing C. difficile 809 JAC 53 logs of bacteria within 90 min, which was the most rapid rate of kill among all compounds. As expected nisin-treated cells were stained with PI after just 5 min of exposure (and leaked ATP) signifying that membrane pores had formed; with nisin at 30 min, the relative fluorescence units (RFUs) of PI were 5308.7+469, compared with a value for untreated cells of 234.3+19.8. Interestingly, in cells exposed to valinomycin the levels of intracellular ATP declined before cell death, because at 15 min of exposure the mean percentage of ATP was 10%, whereas the total viable cell population was 50% of starting cell numbers. This was not related to leakage of ATP from cells as no increase in the initial level of extracellular ATP was seen, at 5 and 30 min exposures. However, some pore formation was detected following 30 min of valinomycin exposure (RFU ¼ 649.3+105.6 for valinomycin versus 234.3+19.8 for controls); no other test compound showed significant increases in PI fluorescence up to 120 min of exposure (data not shown). With clofazimine, the decrease in intracellular ATP was gradual and occurred after cell death, indicating that inhibition of ATP biosynthesis in C. difficile is a secondary effect of clofazimine, which parallels observations in clofazimine-treated mycobacteria. 42 Corresponding decreases in ATP were also observed for metronidazole at its MBC, but vancomycin did not have a significant kill or reduction of ATP.
Toxin reduction results from cell death
Compounds that target the membrane often inhibit multiple cellular processes, including protein biosynthesis, as part of a pleotropic effect. 9 Thus, we investigated whether the representative set of membrane-active agents, selected above, and DCCD also diminished the production of toxins A/B in hypervirulent BAA-1803. Accordingly, stationary-phase cells resuspended in toxin-free spent medium were exposed to compounds at 0.5× and 1× MBC STA for 24 h, and total toxins (intracellular and extracellular) were measured by ELISA. At time 0, the concentration of intracellular toxin in stationary-phase cells was 71.6+3.7 ng/mL. By 24 h, the total toxins in drug-free controls were 117.8+20.6 ng/mL. Whilst vancomycin failed to decrease toxin production, metronidazole, DCCD and membrane-active agents at their MBC STA prevented any increase in toxins above preexposure levels ( Figure 3 ). The protein synthesis inhibitors puromycin (150 mg/L) 43 and fusidic acid (10 mg/L) also reduced toxin production. However, at concentrations of 0.5× MBC, where only ≤1.5 logs of cells are killed, only metronidazole significantly decreased the production of toxins. This observation indicates that there is tight concentration dependence of membrane-active compounds, implying that a threshold number of molecules needs to be accumulated in the membrane or needs to transverse the bilayer into the cytoplasm before potent activities are displayed, to reduce toxin production. Hence, the biological basis for toxin reductions by membrane-active agents at their MBC STA is likely to be nonspecific and the result of cell killing.
Reduction of spore numbers is due to a decrease in viable cells
For untreated controls of BAA-1803 the number of spores at the start of the experiment was ≤10 2 spores/mL and by day 5 had increased to 10 6 spores/mL (Table 2) . Compared with the untreated controls, the subset of the tested membrane-active agents, 867 (0.25 mg/L), clofazimine (2 mg/L), nigericin (0.005 mg/L) and nisin (1.25 mg/L) at their MBC LOG , significantly (P,0.05) decreased spore numbers by 2.89, 2.18, 2.62 and 3.15 logs, respectively (Table 2) , whereas decreases with vancomycin (10 mg/L) and metronidazole (0.5 mg/L) were 1.25 and 1.54 logs, respectively. With the exception of clofazimine, the spore reductions by membrane-active compounds were also significant when compared with vancomycin or metronidazole (P,0.05). The general increased reduction in spores with tested membrane-active compounds may be attributed to their bactericidal activities, since at subinhibitory concentrations spore reductions were not observed ( Table 2) . Spores detected at day 5 probably arose from the population of unkilled cells. As expected, the sporulation inhibitor Acridine Orange (30 mg/L) reduced C. difficile sporulation.
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Binding to caecal material affects local bioavailability and efficacy
Since reutericyclins are potential treatments for CDI, the efficacies of current compound leads, 867 and 1138 (a related analogue), 8 were examined in the established hamster infection model. 27 Neither of the two compounds improved the survival of infected hamsters (n¼ 8 per test compound) beyond 3 days (data not shown). Hamsters that were uninfected and received only compounds survived, indicating that death was due to CDI and not toxicity. The activities of reutericyclins are reduced in the presence of serum; 45 therefore, we investigated if binding to caecal material limited efficacy. As shown in Table 3 , the activities of 867 and 1138 were greatly reduced by (Table 3) . These results were generally confirmed by LC-MS, revealing that in supernatants and cell pellets the mean concentrations of 867 were 13 mg/L and 233 mg/L, respectively, and for 1138 these were 26 mg/L and 293 mg/L, respectively. Because 867 and 1138 are poorly water soluble and highly lipophilic (i.e. cLogPs¼ 6.5 and 5.42 as determined from ChemBioDraw 12.0 software), 22 we speculated that they were prone to caecal binding. Therefore, bioavailabilities in caecal contents were determined for highly lipophilic clofazimine and comparators that were hydrophilic or amphipathic. Clofazimine appeared to be bound by caecal contents or may have precipitated after centrifugation, as only low bioactive concentrations were present in supernatants; this coincided with a lack of efficacy in hamsters (n¼ 4; data not shown). The activities of nisin and nitazoxanide were slightly reduced by 4-fold to 8-fold compared with medium alone, whereas the more watersoluble compounds metronidazole, daptomycin, vancomycin and rifaximin were unaffected by caecal contents. Although these results were obtained on a small compound set, they indicate that high hydrophobicity and/or poor solubility could hinder efficacy in the gastrointestinal tract. However, this parameter can be improved through chemical optimization, as is evident from the discovery of the investigational anti-difficile drug LFF571 from a poorly soluble lead compound.
Discussion
The pressing need for antimicrobials to treat CDI is confounded by a lack of clearly defined target sites that are essential to the survival of C. difficile. Traditionally, metronidazole and vancomycin have been the agents of choice; however, they are poor in treating NAP1 infections. Whilst the poor efficacy of metronidazole correlates with it being highly absorbed, resulting in low colonic concentrations below that associated with cell killing, 8 a proposed reason for the failure of vancomycin in severe infections is its inability to clear the pathogen faster than it can produce toxins.
14 Whether this reason also accounts for the failure of other agents in severe CDI is unknown. However, as demonstrated in this work quiescent cells, which are the main contributors of active disease and spore-related endogenous relapse, 12 are refractory to killing by several established classes of antibiotic that inhibit specific macromolecular synthetic processes.
If hypervirulence in NAP1 strains arises from toxin hyperproduction in quiescent cells, then it is conceivable that eradication of these cell types by fast-acting antibiotics may be advantageous in yielding a prompt therapeutic response. Challenging this notion is the finding that toxin reduction is attainable with protein and RNA synthesis inhibitors such as fusidic acid, linezolid, fidaxomicin and rifamycins; but these agents are bacteriostatic or slowly bactericidal, implying that surviving cells could recrudesce the infection and act as a source for de novo resistance. 29,46 -48 This prompted us to explore if the clostridial membrane may be an attractive target site, given it is essential to both growing and non-growing cells, and agents affecting Significant values determined by comparison with the untreated control showed that only reductions with vancomycin (10 mg/L) and other compounds at their MBCs were significant. With metronidazole (0.5 mg/L) or vancomycin (10 mg/L) as the control comparator, reductions with membrane-active compounds at their MBC LOG were significant (indicated by an asterisk), except for clofazimine. As expected the Acridine Orange control was significant. 44 Statistical comparisons were made by one-way analysis of variance (P,0.05) followed by Tukey's test in Graphpad prism 5. From LC-MS analysis of the 867 and 1138 samples, the mean concentrations in supernatants were 13 mg/L and 26 mg/L, respectively, whereas in cell pellets the concentrations were 233 mg/L and 293 mg/ L, respectively, indicating that compounds were bound to caecal material, explaining the poorer MICs compared with tests without caecal material.
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its structure and function are often bactericidal with a low resistance potential; they also show concentration-dependent killing that could be beneficial for drugs achieving high concentrations in the gastrointestinal tract. 8, 9, 48 Similar arguments have been made for using bactericidal agents to treat other infections, where therapeutic outcome is challenging. 49 We revealed that C. difficile is exceptionally sensitive to compounds known to dissipate the proton motive force, which in principle points to the membrane and energy metabolism as potential antimicrobial targets to control CDI. Indeed, rapid death with simultaneous depletion of ATP occurred upon exposure to most membrane-active molecules and DCCD, which irreversibly binds to ATP synthase, blocking coupled ATP synthesis. By eradicating most viable cells, toxin production was diminished along with the number of spore-forming cells, but these intriguing properties are concentration dependent and occur at bactericidal levels of compounds. From a therapeutic standpoint, compounds developed for the treatment of CDI are likely to be agents that achieve high, relatively non-absorbed concentrations in the gastrointestinal tract, which bodes well for the mode of action of concentration-dependent membrane-active agents. Therefore, such agents might prevent or even prolong the time in which endogenous relapse occurs, providing that compounds reach the colon intact; high unbound concentrations are achieved for activity; and compounds are not primarily bacteriolytic to avoid the inadvertent release of intracellular toxins. Activities against key gastrointestinal flora were not investigated in these studies, as they depend more on the individual physicochemical properties of compounds, rather than on their mode of action; though it is worth noting that most current membrane-active compounds with clinical potential, including antimicrobial peptides and mimetics, are primarily active against Gram-positive bacteria. 9, 50 Nevertheless, as novel antidifficile drug candidates emerge for membrane-active molecules, it will be imperative to ensure that they are not active against major Gram-negative flora such as Bacteroides spp. 51, 52 Our finding for a possible crucial role of the proton motive force in C. difficile viability is unusual considering that its dissipation is not always bactericidal in many bacterial pathogens. For example, Streptococcus spp., S. aureus and Listeria monocytogenes are not killed by valinomycin or nigericin and organisms modulate their proton motive force in response to metabolic and environmental changes without significant loss of viability. 19, 53 Nonetheless, our observations mirror those reported in dormant M. tuberculosis, which is killed by energy uncouplers. 18, 54 Inhibiting respiratory metabolism is now therefore a growing paradigm for treating dormant tuberculosis. We speculate that this approach could be applicable to C. difficile, but genetic validation will be required to understand how this organism establishes its proton motive force and if the Stickland pathway is the sole mechanism involved. 35, 55 Although this study utilized molecules that are not suitable for C. difficile treatment, the ongoing clinical development of CB-183,315 and oritavancin somewhat validates the prospective use of membrane-active drugs to treat CDI. The action of CB-183,315 is very similar to that of daptomycin and even though it may not kill all quiescent C. difficile its efficacy is comparable to vancomycin in infected hamsters and appears to reduce and delay the onset of relapse in patients. 20 Conversely, oritavancin, which rapidly kills biofilms and stationary-phase staphylococci due to its action on the membrane, 33 is presumed to be effective against slow and non-growing C. difficile in an in vitro gut model system. 21, 29 Unlike vancomycin, oritavancin reduces both the vegetative and spore populations below detectable limits as well as toxin production. 21, 56 These observations have been largely corroborated in the hamster model of CDI, 57 and favour a decrease in the frequency of CDI relapse caused by oritavancin and potentially other suitable membrane-active antibacterials that are bactericidal to non-growing cells.
In conclusion, targeting of the clostridial membrane and ATP biosynthesis is an emerging novel approach for discovering antidifficile drugs to rapidly mitigate the burden of CDI and reduce relapse by removing quiescent cells that produce toxins and spores.
